To develop high emissivity coatings on fibrous ceramic substrates with improved thermal resistance for reusable space systems, WSi2-MoSi2-Si-SiB6-borosilicate glass coatings were prepared on fibrous ZrO2 by slurry dipping and subsequent high temperature rapid sintering. A coating with 20 wt% WSi2 and 50 wt% MoSi2 presents optimal thermal stability with only 10.06 mg/cm 2 mass loss and 4.0% emissivity decrease in the wavelength regime 1.27-1.73 μm after 50 h oxidation at 1773 K. The advantages of double phase metal-silicide coatings combining WSi2 and MoSi2 include improved thermal compatibility with the substrate and an enhanced glass-mediated self-healing ability.
Introduction
Fibrous ceramics are of growing interest in aerospace applications, particularly towards reusable thermal protection systems (RTPSs) in next generation hypersonic vehicles, due to their attributes of low density, low thermal conductivity and high thermal stability [1] . A typical concept for a RTPS structure comprises a high emissivity coating (HEC) on the surface of low thermal conductivity fibrous ceramic insulation, facilitating radiative cooling while minimizing heat conduction. In the past few years, fibrous ZrO2 ceramics have been the subject of increasing attention towards thermal insulation applications in ultra-high temperature environments because of their higher temperature stability relative to fibrous quartz or mullite ceramics [2] . Consequently, 2 mullite and ZrO2 ceramics, with favorable emissivity levels of 0.85 and higher achieved [3] [4] [5] [6] [7] [8] [9] [10] . In our previous work, MoSi2-borosilicate glass coating prepared on fibrous ZrO2 ceramic showed excellent thermal shock behavior between room temperature and 1673 K [8] , and following the inclusion of ZrO2 in the coating material, this thermal shock resistance was extended to 1773 K [9] . However, the emissivity values of both coating types were only moderately higher than 0.8, and the coating surfaces were nearly fully oxidized following thermal shock tests, which had a negative effect on radiative performance. Recently, the inclusion of TaSi2 in MoSi2 based HEC systems was explored and was found to alter their radiative properties and thermal endurance [7, 11] . Specifically, in our previous research, a metal silicide-glass hybrid coating was prepared on fibrous ZrO2 by a rapid sintering method [11] . The coating, comprising an outer Ta-Si-O glass layer and a dense MoSi2-TaSi2-glass inner layer was found to be thermally stable in air at 1773 K in air for 50 h, with a total emissivity around 0.9 in the 0.3-2.5 μm wavelength regime. Its thermal stability and consistent emissivity were attributed to the optimized viscosity of the Ta-Si-O layer and the self-healing ability of the MoSi2-TaSi2-glass. To date, most investigations on high emissivity transition-metal disilicides have focused on MoSi2 and TaSi2, while WSi2 has received relatively limited attention. The interactions of MoSi2 and WSi2 have not been reported in terms of emissive performance and the thermal stability of radiative properties has not been adequately studied in such systems. This is particularly important as ablation and oxidation alter the surface composition and microstructure of coatings, which may affect their radiative performance [12, 13] . Towards aerospace applications, HECs are required with intrinsic high temperature oxidation resistance, which limits the attenuation of coating emissivity during long-term exposure to high temperature oxidative atmospheres.
In general, defect formation and defect healing occur competitively during the oxidation process [14, 15] .
Owing to the formation of a flowing glass phase at high temperatures, defects are healed to a certain extent, thus limiting the oxidation driven degradation of emissive phases and preserving performance. The self-healing ability of glass phase is determined not only by its relative quantity, but also its viscosity. For this reason viscosity is one of the most important properties for the glass phase generated on the coating surface during high temperature oxidation [16] . Amorphous SiO2 is known to exist as a dense and highly viscous glass, which is strongly networked due to the sharing of oxygen atoms between neighboring SiO4 tetrahedra.
Boron, added as B2O3, acts as a network modifier in SiO2 and reduces its viscosity by the production of nonbridging oxygen atoms (NBO). Accordingly, borosilicate glass has emerged as a promising oxidation resistant sealant material, due to its low oxygen permeability, appropriate viscosity and fluidity [17, 18] , which plays a critical role in sealing defects of coatings towards oxidation.
In this work, in order to improve thermal resistance of HECs on fibrous ZrO2, MoSi2 and WSi2 were simultaneously introduced as double phase emissive agents. WSi2-MoSi2-Si -SiB6-borosilicate glass multiphase coatings with different compositions were prepared by slurry dipping and subsequent high temperature rapid sintering. Specimens were exposed to a high temperature oxidizing atmosphere for 50 h.
Microstructure, phase composition and radiative properties, before and after oxidation, were investigated and the oxidation mechanism was examined.
Experimental

Preparation of the coatings
Fibrous ZrO2 ceramics with dimensions of 25 mm×25 mm×5 mm (Anhui Crystal New Materials Co. Ltd., China) were used as substrates. The coatings were prepared by slurry dipping and rapid sintering. Firstly, borosilicate glass (BSG) was prepared by high temperature melting and water quenching, as reported in our previous work [8] . Then, a slurry was prepared by ball-milling as follows: MoSi2, WSi2, BSG, Si, SiB6, ethanol and a 1 wt% aqueous solution of carboxyl methylcellulose (CMC) were mixed in a nylon ballmill and milled for 6 h at a rotation speed of 400 rpm.
The mass ratio of the powders, ethanol, CMC aqueous The coating thickness was controlled by repeating such dipping four times, and the dwell time for each dipping was 2 s. Following these dipping cycles, the coated samples were dried at 333 K for 12 h and then at 373 K for 6 h. Finally, the fully dried samples were fired in a pre-heated furnace at 1773 K. The samples were held for 15 min in natural air and later removed from the furnace for rapid cooling. The compositions and sample names of the powders are shown in Table 1 .
Samples are referred to in terms of their respective weight percentages of WSi2 and/or MoSi2. and averaged over three specimens.
Here, ΔW is the mass change per unit area; m0 and m1 are the weights of the specimens before and after oxidation, respectively; and A is the surface area of the coated sample.
Radiative properties
Reflectance spectra in the wavelength range of 0.3-2. Scientific spectrometer with a monochromatic Al Ka X-ray source (1486.6 eV).
Results
Phase compositions and microstructures of the coatings
XRD patterns of the as-prepared coatings are shown in (4) and (5) [19] .
Fig.1 XRD patterns of the as-prepared coatings
The MoO2 phase appears in the M70 coating, through the oxidation of MoSi2 following reaction (6) . However, WO2 is not found in the W70 coatings due to its narrow stability domain [20] . During the rapid sintering spontaneously. This parameter helps to understand formation process of the as-prepared coatings.
SiO2(s)(7) (8) This relationship shows that in general total radiated energy increases at higher temperatures and the intensity peak of the emitted spectrum shifts to shorter wavelengths. Additionally, energy emitted at shorter wavelengths increases more rapidly with temperature than the energy at longer wavelengths. As an example, for an ideal blackbody at 1273 K, 97 % of the energy emitted in thermal equilibrium is below 14 μm, and 76 % is below 5 μm [25] .
As per Wien's displacement law (9): coatings were the lowest, these coatings are not necessarily endowed with the best thermal resistance. Mo could not take place when the coating was entirely covered by dense SiO2-based glass layer [28] .
According to the calculated standard Gibbs free energies of reactions (10) - (12) in Fig. 9 , reactions (11) and (12) Furthermore, the relative NBO concentration for these three coatings, corresponding to the area of the NBO peak over the total measured peak area, is 13.67%, 9.06% Fig.12 (a-e) , the obtained coatings are dense, smooth and without cracks. However, the coatings exhibit different degrees of damage after long-term oxidation. Several significant cracks are generated on the surface of the W70 coating (Fig.12 (f) ). With increasing MoSi2 content, the size and amount of the cracks formed decrease, as seen in W50M20 and W35M35 (Fig. 12(gh) ). It is worth noting that no apparent cracks and no yellow phase are observed on the surface of W20M50 (Fig. 12(i) ), which suggests that this material retains its structural integrity during oxidation. Relative to the surface of M70 (Fig. 12(j) ), the surface of W20M50 is smoother and denser, implying that this sample exhibited optimal glass viscosity in the top layer, which plays a key role in suppressing and sealing the crack itself.
The surface and cross-section CLSM images of the coatings after oxidation are displayed in Fig. 12 (k-t).
As seen clearly in Fig.12 (p-q) , the failure mode of W70 and W50M20 coatings includes delamination between the coating and the substrate, as the result of substrate, but also from the volumetric swelling incurred by the formation of oxidation products (glass phase, WO3, W, W5Si3) [14] .
Surface SEM images of W70, W20M50 and M70
coatings after oxidation at 1773 K for 50 h are shown in Fig.13 . In M70, further to surface macro-cracks ( Fig.   12(f) ) and delamination from the substrate (Fig. 12(p) ), micro pores are observed within the glassy phase ( Fig.   13(a) and (d) ) as the result of gaseous oxides such as B2O3 and MoO3 escaping from the low viscosity coating surface. As shown in Fig. 13(b) and (e), rather than pores, several nano-cracks are formed on the W20M50 coating surface, resulting from the volume expansion of the top oxidized layer. 
Oxidation mechanism
In general, the oxidation process consists of two stages: 
Defect formation
Firstly, the magnitude of the thermal stress arising from differential thermal expansion can be calculated by Eq. still remain on the surface due to the low vapor pressure [41] . As the temperature increases further (~ 1473 K), the vapor pressure of (WO3)3 increases, resulting in volatilization of both (MoO3)3 and (WO3)3.
Defect healing
Owing to the formation of flowable molten phases dispersed within the coatings at high temperatures, defects can be healed to a certain extent at various temperatures. SiO2 and B2O3, the oxidation products of 
. Viscosity is plotted as a function of temperature in O1s, the NBO concentration of W70 is the highest among W70, W20M50 and M70 coatings ( Fig. 11(a) ), implying lower viscosity.
Fig.16 The viscosity of borosilicate as a function of boron content
The borosilicate glass in this material flows more readily and can effectively seal cracks ( Fig. 13(a) and 14 expansion, and is more compatible with the substrate material. In M70, with the evaporation of MoO3 and B2O3, increasing amounts of cristobalite are formed on coating surfaces as confirmed by XRD results (Fig.8) , and the NBO concentration in M70 decreases to 7.47% after oxidation for 50h (Fig.11(c) ). The lower fluidity of borosilicate glass with higher SiO2 content limits effective crack sealing in this material (Fig. 12(o) and Fig. 13(c) ), resulting in micro-sized cracks ( Fig. 13(f) ). Fig. 13(e) ).
Summarized advantages of combined tungsten
and molybdenum disilicides 
